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ABSTRACT 
 
Soybean peroxidase-catalyzed 4-phenylazophenol polymerization was studied in 
both aqueous and micellar solutions. Two surfactants were used during the study (sodium 
dodecyl sulfate and Triton X-100). The critical micelle concentrations (CMC) of these 
two surfactants were determined by a colorimetric method. Evidence for pre-micelle 
formation was observed during CMC determination of SDS. The effect of buffer 
concentration on CMC value was investigated and it was found that the electrolytes have 
more impact on the ionic surfactant than the non-ionic one.  
The optimal conditions for pH, hydrogen peroxide concentration and soybean 
peroxidase concentration were investigated in both aqueous- and micellar-phase reactions 
of 4-phenylazophenol. High 4-phenylazophenol removal rate (99%) was observed in all 
cases. However, the efficiency of enzyme increases 28-fold in the presence of micelles. 
Instead of precipitate, a clear colored solution was found at the end of reaction in micellar 
solution. Adsorptive micellar flocculation was used to remove the colored product and 
can achieve over 95% colored product removal at its optimal condition.  
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CHAPTER 1 
 
1. Introduction 
1.1 Background 
Enzymatic wastewater treatment for phenolic and other aromatic compounds, first 
introduced by Klibanov and his colleagues in 1980, is an efficient treatment method 
compared to the conventional wastewater treatment methods. Normally, the conventional 
wastewater treatment methods, no matter whether physical/chemical treatments or 
traditional biological treatments, face many disadvantages. (Klibanov et al., 1980; Schoof, 
2014) 
For physical/chemical treatments, energy/material costs and secondary pollution are 
always the biggest problems. The most common physical treatment for phenolic 
compounds is active carbon adsorption, which faces high energy cost in the carbon 
regeneration process and high material cost for irreversible adsorption on carbon. 
Another class of methods, the advanced oxidation processes (AOPs) can also be applied 
to treatment of phenolic compounds in wastewater. Although with the AOPs, a shock 
load can be tolerated during the treatment process to achieve high removal of phenolic 
compounds, the uncontrollable formation of intermediates can cause secondary pollution 
to a downstream biological treatment system. In addition, the high energy cost for AOPs 
using UV, such as UV/ozone, brings up the capital cost for the treatment. 
(Ahmaruzzaman, 2008; Turhan and Uzman, 2008) 
For biological treatments, long retention time and intolerance to high concentrations 
of pollutants are usually limitations. Biological treatments have to rely on control of 
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many conditions such as temperature, pH and the concentration of pollutants. Any change 
of these conditions can affect the efficiency of the treatment. (Feng, 2013) 
Compared to the traditional treatment biological methods, enzymatic treatment can 
be applied in a wide range of pH, temperature and salinity. The reaction does not need 
extreme conditions; it occurs in moderate conditions with the capacity to handle 
wastewater with high concentrations of toxic compounds and does not have any shock 
loading effect. In addition, there is less formation of sludge and system control and 
maintenance are simpler. Although the enzymatic treatment is much better than the 
traditional treatment, the cost of enzyme, which is due to the extraction and purification 
processes, is often a disadvantage of this wastewater treatment method. (Nicell at al., 
1993; Feng et al., 2013) 
 
1.2 Enzymes and Enzymatic Reactions 
Enzymes are biological catalysts which can increase the chemical reaction rate in a 
suitable environment. Normally enzymes are highly specific proteins while some of them 
are other catalytic bio-molecules like RNA. Each enzyme has catalytic and binding sites, 
which together are called the active site. The active site is the main place where the 
catalysis reaction takes place and the enzyme three-dimensional structure is the key to 
maintain catalytic activity. Any conditions that can disturb enzyme three-dimensional 
structure will cause enzyme to lose its catalytic function.  
Aqueous solution is the required environment for enzymatic reactions to take place 
since enzymes are found in living cells. However, some enzyme substrates are very 
difficult to dissolve in aqueous solution due to their hydrophobic groups. This insolubility 
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characteristic will prevent enzymatic reaction. To solve this problem, some researchers 
use micelles to dissolve these substrates into the aqueous solution and perform the 
enzymatic reactions (Kim et al., 2001), while others alternatively use an organic solvent 
in certain proportions. (Liu et al., 2000) 
 
1.3 Surfactants and Micelles 
Surfactants are chemical compounds that have both hydrophobic and hydrophilic 
parts. These amphiphilic molecules can be divided into four different types based on their 
head group chemical structure, which are anionic, cationic, zwitterionic and non-ionic. 
This unique structure allows them to change some parameters of water when the 
amphiphilic molecules dissolve in aqueous solution, like surface tension, wetting, 
foaming and emulsification. (Rosen, 1978) 
When the surfactant concentration in aqueous solution reaches a certain level, the 
surfactant molecules will self-assemble into aggregates called micelles. The 
concentration at which a surfactant forms micelles is the critical micelle concentration 
(CMC). The surfactant molecule will first gather at the surface of water when the 
concentration is lower than CMC, with the hydrophobic tail facing into the air and the 
hydrophilic head facing into the water. Once the surfactant concentration reaches the 
CMC, the surfactant molecules start forming micelles with the hydrophobic tails facing 
inside the micelle center and the hydrophilic heads facing outside, in contact with the 
surrounding aqueous solution. Micelles have a dynamic balance between their micellar 
aggregates and their monomers. (Zana, 2005) 
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Normally the diameter of a spherical micelle is around 5 nm (Zana, 2005). Different 
surfactants have different micelle size due to their aggregation number, which is the 
number of surfactants forming a micelle. The shape of a micelle is usually spherical at 
around CMC level. When the surfactant concentration is increased, after reaching about 
ten times the CMC, the shape of micelle is no longer spherical but turns into lamellar 
micelles, in which the hydrophilic groups form a bilayer with an interior hydrophobic 
region. Many conditions can change the size and shape of micelle such as temperature, 
concentration of surfactant, additives in aqueous phase and the structure of the surfactant. 
(Rosen, 1978) 
The presence of micelles turns an aqueous solution into a two-phase mixture. This 
kind of mixture can increase the solubility of hydrophobic compounds since the core 
volume of a micelle is an hydrophobic environment. With this micro-environment created 
by micelles, this type of mixture can be used in many areas. 
 
1.4 Reactions in Micellar Solution 
As mentioned above, the presence of micelles can increase the solubility of 
hydrophobic compounds, which can be applied in organic reactions. Kim and his 
colleagues (2001) successfully synthesised polyanilines in sodium dodecyl sulfate (SDS) 
micellar aqueous solution with the use of ammonium peroxydisulfate (APS) as oxidant. 
They found that the polymerisation reaction takes place at the micelle-water interface 
since the anilines can be incorporated into micelles but the oxidant (APS) cannot enter 
the micelles. (Kim et al., 2001) 
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In addition, micellar aqueous solutions can also be applied in enzymatic reactions. 
Liu and his co-workers (1999) found out that the enzymatic polymerisation of aniline can 
achieve higher molecular weight polymer products in the presence of anionic surfactant 
(sodium dodecyl benzenesulfonate, SDBS) micelles; similarly, Zhang and his co-workers 
(2013) achieved the same results when they introduce SDS micelles to an enzymatic 
phenol polymerisation process. The reason for these results is that without the micelles, 
anilines and phenols will only form dimers and low oligomers through the enzymatic 
reaction and precipitate out of the solution; the micelles can provide a suitable 
hydrophobic environment and retain the oligomers in solution for further reaction cycles. 
(Liu et al., 1999; Zhang et al., 2013) 
 
1.5 Applications of Micellar Solution 
The most common use of micelles is as detergents, when a surfactant forms micelles 
in the aqueous solution, it can increase the solubility of oils and solids in water, making 
them easier to get into the solution and be removed from their original surface. Also this 
function can be used in the remediation of the contaminated soils. In this case, using a 
micellar solution to go through contaminated soils, the micelle can disperse non-aqueous 
phase liquids (NAPL) and some of these NAPLs can be removed from the soil by 
dissolving into the micelle core (Mao et al., 2015). 
In addition, micelles can be applied in wastewater treatment. Micelle-enhanced 
ultrafiltration (MEUF) and adsorptive micellar flocculation (AMF) use micelles to 
capture hazardous hydrophobic compounds in wastewater. In these treatments, micelles 
are introduced to the solution and the hazardous hydrophobic compounds can move into 
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the micelle’s hydrophobic core. After this, different techniques are applied to remove the 
micelles from the wastewater. In the MEUF, ultrafitration is used to separate the micelles; 
and in AMF, cations (Fe3+ or Al3+) are used to flocculate the micelles, hence removing 
the hydrophobic compounds. (Lee & Shrestha, 2014; Talents-Alensson et al., 2002) 
Last but not least, micelles can be used in drug-delivery systems. Researchers started 
developing self-assembled micelles as drug-delivery systems in order to solve the 
insolubility problem of some hydrophobic drugs in the human blood system. It has been 
found that with some amphiphilic carriers some drugs can accumulate in the target tissue 
without being recognized by the mononuclear phagocyte system; thereby, better results 
have been achieved in cancer treatment than with the free drug. So far, however, these 
successes are only at the clinical level. (Xu et al., 2013; Owen et al., 2012) 
 
1.6 Objectives 
The objectives of this study were: 
1. Determine the critical micelle concentration (CMC) of surfactants and study the effect 
of electrolytes on CMC. 
2. Study polymerization of 4-phenylazophenol by using peroxidase-catalyzed enzymatic 
reaction in aqueous and micellar solution. 
3. Select methods for removing products of enzymatic reaction from aqueous and 
micellar solution 
 
 
7 
 
1.7 Scope 
The scope of this study included: 
1. Determine the CMC of sodium dodecyl sulfate (SDS) and Triton X-100. 
2. Study the effect of buffer concentration on SDS and Triton X-100 CMCs. 
3. Optimize the pH, hydrogen peroxide concentration and soybean peroxidase 
concentration for 4-phenylazophenol enzymatic reaction in aqueous and micellar (SDS 
and Triton X-100) solution. 
4. Study the Al
3+
/SDS molar ratio and pH requested for the AMF of the product of 
enzymatic reaction of 4-phenylazophenol in micellar solution. 
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CHAPTER 2 
 
2. Literature Review 
2.1 Enzymes in Wastewater Treatment 
In 1980, Klibanov and his colleagues proposed an enzymatic wastewater treatment 
using peroxidases as catalysts. They found that, using horseradish peroxidase, over 30 
different aromatic compounds (phenols and anilines) can be treated through oxidation 
reactions in the presence of hydrogen peroxide (Klibanov et al., 1980; Al-Ansari et al., 
2010).  During the treatment, this enzymatic oxidation reaction turns aromatic 
compounds into aromatic free radicals at the enzyme active site. After the aromatic free 
radicals diffuse from the active site, they combine with other aromatic free radicals 
through a non-enzymatic reaction. Thus, dimers form first and then these dimers can 
react via another peroxidase cycle with other free radicals and form oligomers; the 
aromatic free radicals ultimately form polymers that precipitate out of the solution. 
Detailed information for the reactions and enzyme mechanism will be discussed in 
section 2.2.2. (Dunford, 1999; Ghoul & Chebil, 2012) 
In addition, other peroxidases such as Arthromyces ramosus peroxidase (ARP), 
Coprinus cinereus peroxidase (CiP) and soybean peroxidase (SBP) can also be applied in 
wastewater treatment. Compared to HRP, SBP has been considered a better choice to 
apply in wastewater treatment because its stability and reactivity are both higher than 
HRP and it is available in quantity. (Al-Ansari et al., 2010; Regalado et al., 2004; Feng, 
2013) 
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Copper-containing oxidases named laccases have also been used in wastewater 
treatment studies by Bollag and his co-workers in the late 1970s (Bollag et al., 1988). 
These enzymes generally exist in plants, fungi and other microorganisms, where they are 
involved in lignin biosynthesis and degradation. The unique four-copper active site 
provides laccases the ability to oxidize phenols and aromatic amines to aromatic radicals 
in the presence of oxygen and these radicals form polymers as for peroxidases. (Solomon 
et al., 1996; Husain, 2006) 
In addition, laccases can be applied in the decolouration of some azo dyes. Research 
shows that laccases’ decolouration mechanism, which passes through the free radical 
without cleavage of the azo bond, will not form toxic aromatic amines. Also, researchers 
found that the combination of laccase and ultrasound treatments can achieve a higher 
decolourization rate without forming toxic products. (Kandelbauer et al., 2004; Husain, 
2006) 
Cuproproteins named tyrosinases can be found in fungi, plants and animals. The 
functions of tyrosinases are different in different species: they can catalyze melanin 
biosynthesis in fungi, protect injured tissue from infection by pathogens in plants and 
may also be involved in wound healing processes in insects and invertebrates. (Solomon 
et al., 1996) 
The application of tyrosinase in wastewater treatment was first studied by Atlow and 
his colleagues in 1984. They reported a very high removal by using tyrosinase in the 
enzymatic phenolic wastewater treatment: 100% for phenol, 94% for 2-chlorophenol and 
95% for 2-methylphenol (same conditions for each) (Atlow et al., 1984). Although 
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tyrosinase has been shown to be suitable for phenolic and some anilino wastewater 
treatments, the application of tyrosinase is not as wide spread as peroxidases or laccases.  
 
2.2 Peroxidases and Soybean Peroxidase 
Peroxidases are oxidoreductases produced by animals and plants. They use 
hydrogen peroxide as electron acceptor to oxidize the substrates. Peroxidases can be 
divided into three superfamilies: animal peroxidases, plant peroxidases and catalases. 
These peroxidases all have a ferriprotoporphyrin IX prosthetic group at their active site, 
which provides them with the ability to protect the organism from the toxicity of phenolic 
and anilino compounds.  (Dunford, 1999; Al-Ansari et al., 2010; Krainer & Glieder, 2015) 
Plant peroxidases can be further divided into three classes based on their structural 
differences. Class I plant peroxidases are of prokaryotic origin: this type of peroxidase 
normally is monomeric but some of the bacterial catalase-peroxidases can be dimers or 
tetramers. Class II plant peroxidases are secreted peroxidases mainly found in fungus; 
compared to class I plant peroxidases, class II plant peroxidases have two domains with 
one calcium binding site in each domain, four disulfide bridges and a secretion signal 
peptide sequence. Class III plant peroxidases, defined as typical secretory plant 
peroxidases, possess nearly the same structures as class II plant peroxidases but with 
different locations of the four disulfide bridges and some extra helices which can provide 
the access to the edge of the heme group. (Dunford, 1999) 
Soybean peroxidase is a class III plant peroxidase which can be found in the 
soybean seed coat. It has high thermal stability, with no significant change in its 
secondary structure up to 70℃ and a “melting point” of 90.5℃ (pH 8, 1mM CaCl2), 
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defined as the temperature that enzyme starts to change its secondary structure. Also, 
SBP can maintain its activity at a very low pH (pH = 2.4). Meanwhile, SBP is cheaper 
than other peroxidases since the soybean hull is a side product of the bean-processing that 
normally does not have high economic value and the extraction procedures are easy. 
These advantages make researchers switch their focus from HRP to SBP in order to 
further discover more information about how to apply this cheap and high efficiency 
peroxidase into the real world.  (McEldoon et al., 1995; Kamal & Behere, 2008; 
McEldoon & Dordick, 1996) 
 
2.2.1 Active site of Soybean Peroxidase 
As with other peroxidases, the active site prosthetic group of SBP is a Fe (III) 
protoporphyrin IX molecule, also called heme. In this ferriprotoporphyrin IX molecule 
(Fig. 2-1), four pyrrole rings are connected by methine-bridges with Fe (III) located in the 
center of the donor molecule. (Dunford, 1999) 
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Fig. 2-1 Structure of the heme  
There are six positions for iron to coordinate with ligands. As shown in Fig. 2-1, 
positions 1-4 are occupied with the nitrogen atoms of four pyrrole rings in a plane. The 
proximal side, position 5, is occupied by the imidazole side chain of His169 (Fig. 2-2). 
Position 6, where peroxidase reactions occur, is located on the distal side of the 
ferriprotoporphyrin IX molecule (Fig 2-2). (Dunford, 1999) 
 
Fig. 2-2 Lateral view of heme  
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In addition, there are two amino acid residues in the active site which are very 
important. One is His 42 located on the distal side of the ferriprotoporphyrin IX molecule; 
it can accept the proton from hydrogen peroxide in acid-base catalysis. The other one is 
Arg 38 also located on the distal side of the heme; this amino acid side chain can stabilize 
negative charge in the active site. (Dunford, 1999) 
 
2.2.2 Catalytic Mechanism of Peroxidases 
The peroxidase reaction follows a ping-pong mechanism model proposed by 
Dunford and his colleagues while they were studying HRP catalysis.  This mechanism is 
a three-step catalytic cycle involving two intermediates (Dunford, 1999; Al-Ansari et al., 
2010) 
Resting peroxidase + H2O2	
																	
	Compound I + H2O                      (1.1) 
Compound I + AH 	
																	
	Compound II + ∙A                             (1.2) 
Compound II + AH 	
																	
	Resting peroxidase + ∙A + H2O                 (1.3) 
 
Overall Reaction (Dunford, 1999) 
H2O2 + 2AH 
	

 2∙A + 2H2O                                   (1.4) 
where AH represents reducing substrate (phenols and anilines), ∙A represents 
phenolic or anilino free radical. 
In this catalytic cycle, the peroxidase first reacts with the hydrogen peroxide to form 
Compound I. During the reaction, the distal His 42 accepts a proton from hydrogen 
peroxide while the distal Arg 38 acts as a charge stabilizer; Fe (III) combines with the 
–
OOH group and becomes Fe (III)-OOH intermediate. Since this Fe (III) intermediate is 
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unstable, it can easily combine with the proton that remains on His 42 to form water. 
Hence, the intermediate is oxidized and becomes Compound I, which contains a Fe 
(IV)=O group and a cationic porphyrin ring. (Dunford, 1999) 
After the formation of Compound I, the reducing substrate (AH) reacts with the 
enzyme. In this reaction, a substrate enters the active site and a proton is taken by the 
distal His 42 from the hydroxyl or amino group; meanwhile an electron from the 
hydroxyl group (take phenol as the substrate) will transfer to the heme, which converts 
the porphyrin ring back to its normal state.  This reaction ends with the formation of a 
substrate free radical (∙A) and Compound II, which contains a Fe (IV)=O group and a 
normal state porphyrin ring. (Dunford, 1999) 
In the last step of the cycle, Compound II reacts with another substrate to form 
another free radical (∙A) and the enzyme returns to its resting state. During this reaction, 
another molecule of substrate enters the active site and a proton is taken by the distal His 
46 from the substrate molecule; this results the formation of another substrate free radical 
and a water molecule. (Dunford, 1999) 
 
2.2.3 Formation of Compound III and Other Pathways in Peroxidase Cycle 
The formation of Compound III can happen when there is excess H2O2 during the 
catalytic reactions. With the presence of excess hydrogen peroxide and the absence of 
reducing substrate, Compound II can be further oxidized into Compound III, in which an 
oxygen atom from hydrogen peroxide is added onto the FeIV =O and form FeII −O2 
(reaction 1.5). (Dunford, 1999) 
Fe
IV
 =O + H2O2 
																								
 FeII −O2 + H2O                               (1.5) 
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Besides the formation of Compound III and the basic steps in normal enzymatic 
catalytic cycle, there are many other reactions that can happen with the intermediates in 
the peroxidase cycle. For example, the Compound III can be reduced back to Compound 
I or even reduced back to resting state. Further details are presented in Fig. 2-3. (Dunford, 
1999; Krainer & Glieder, 2015) 
 
2.3   Micelle Formation by Surfactants 
A micelle is an aggregate formed by an amphiphile (surfactant molecule) in aqueous 
solution. Surfactants are two-domain systems in which the oil-like hydrophobic tails of 
the amphiphiles form the anhydrous core of the micelle and the water-like hydrophilic 
heads of the amphiphiles form the surface of the micelle in contact with water molecules.  
 
Fig. 2-3 Relationships among resting state enzyme, Compound I, Compound II and 
Compound III. (Dunford, 1999; Krainer & Glieder, 2015) 
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2.3.1 Surfactant Structure 
The hydrophobic tail normally is a simple alkyl chain in many surfactants; the 
differences of the tails between different surfactants are the number of chains and length 
of the chain. Meanwhile, the hydrophilic head, which has a more complex structure, can 
be divided into four groups: anionic, cationic, zwitterionic and non-ionic; these four 
groups are also the standard basis to categorize surfactants into different types. 
Since the surfactant molecule is the basic unit that forms a micelle, the structure of a 
surfactant molecule can have a strong impact on micelle formation; details of this impact 
will be discussed in later sections. (Rosen, 1978; Zana, 2005) 
 
2.3.2 Aggregation Number 
Aggregation number is the number of molecules in a micelle once the surfactant’s 
concentration reaches the critical micelle concentration (CMC).  
For surfactants having the hydrophobic chain as CmH2m+1, the aggregation number is 
(Zana, 2005) 
 ! = #$%
& &'⁄                                                         (2.1) 
where l is the length of hydrophobic chain and v is the volume of the hydrophobic 
chain. And l and v are related to the number of carbons (m) in the hydrophobic chain 
(Zana, 2005) 
l (nm)= 0.15 + 0.1265m                                                (2.2) 
v (nm
3
) = 0.0274 + 0.0269m                                            (2.3) 
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The aggregation number of a micelle depends on the structure of the surfactant. 
Normally, the value of aggregation number is from ten to five hundred. (Rosen, 1978; 
Owen et al., 2012). 
 
2.3.3 Micelle Shape 
The shape of a micelle highly depends on the type of surfactant and the environment 
in which the micelle is present. It is spherical when the concentration of surfactant is just 
a little above the CMC in aqueous environment. When the concentration of surfactant 
increases, the shape of micelle may remain spherical or grow into another shape. This 
process is highly influenced by the structure of surfactant. Table 2-1 identifies the 
relationship between the structure of surfactant and the shape of the micelle as the 
concentration of surfactant is increased. (Rosen, 1978; Zana, 2005; Shi et al., 2011) 
Table 2-1 Relationship between Surfactant Structure and Micelle Shape 
P
*
 Surfactant Shape 
Self-Assembly/Micelle 
Shape 
< 1/3 Cone Spherical Micelle 
1/3~1/2 Truncated Cone Cylindrical Micelles 
1/2~1 Truncated Cone Flexible Bilayers, Vesicles 
≈1 Cylinder Planar Bilayers 
>1 
Inverted Truncated Cone or 
Wedge 
Inverted Micelles 
*P is packing parameter, calculated by equation P=v/a0l, where v and l are the volume and length of 
surfactant hydrophobic chain, a0 is the optimal surface area of one surfactant molecule at the micelle-
water interface. (Zana, 2005) 
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2.3.4 Critical Micelle Concentration 
The critical micelle concentration (CMC), which is the surfactant concentration at 
which the solution physical parameters (conductivity, surface tension, detergency, etc.) 
start to change, is an important parameter for micelle systems (Rosen, 1978). When a 
surfactant’s concentration is below the CMC, most of the surfactant molecules are 
monomers (Rosen, 1978; Zana, 2005; Cui et al., 2008). These surfactant monomer 
molecules are normally present at the surface of the solution and the surface of the 
container since the aqueous-air/solid interface provides both hydrophilic (water) and 
hydrophobic (air/solid) environments (Zana, 2005; Owen et al., 2012). Meanwhile, 
researchers found out that some of the monomer surfactant molecules can form small 
aggregates called the pre-micelles, which are normally dimers, trimers or tetramers 
(Pablo et al., 2004; Shi et al., 2011; Huang et al., 2008).   Once the concentration of 
surfactant reaches the CMC, the surfactant monomers or pre-micelles will automatically 
aggregate into micelles to avoid an increase of free energy (Zana, 2005). 
The CMC is actually a narrow range of surfactant concentration instead of an exact 
concentration (Zana, 2005). A second CMC value can be observed during the CMC 
determination (Robertz and Jomes, 1973; Aguiar et al., 2003). Researchers believe that 
the increased electrical repulsions allow micelles to reorganise their geometric shape, 
which leads to a second CMC value and a micelle shape change (Kale et al., 1980). 
Normally, the value of the second CMC is at least ten times higher than the value of the 
first CMC (Shi et al., 2011; Chaudhuri et al., 1996; Romani et al., 2009). 
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2.4 Factors Influencing Critical Micelle Concentration 
A surfactant’s CMC value in an aqueous micellar system can be affected by many 
conditions, such as the structure of surfactant molecule, presence of electrolytes, 
temperature and other conditions. (Rosen, 1978) 
 
2.4.1 Structure of Surfactant 
As the surfactant molecules are the basic unit to form micelles, the structure of 
surfactant molecules has a strong impact on the CMC value. Generally speaking, the 
CMC value in aqueous solution will be decreased when the surfactants become more 
hydrophobic (Rosen, 1978). 
In the hydrophobic region, the CMC value of a certain surfactant will change when 
the number of carbons changes.  Normally, the CMC values will decrease 75% for ionic 
surfactants and 90% for non-ionic surfactants with an increase of two methylene groups 
in the hydrophobic tail of a straight-chain series; the carbon group that increases on a 
side-chain of the hydrophobic tail only has half of the decrease effect on the CMC value 
compared to the one on the straight-chain; when a carbon-carbon double bond is present 
in the main-chain, the CMC value will have a small increase. But these are only applied 
when the carbon atoms in the hydrophobic tail number no more than sixteen; once the 
carbon atoms reach sixteen, a further increase in the number of carbon atoms in the tail 
will not have significant effect on CMC value. (Rosen, 1978) 
In the hydrophilic region, the CMC value is mainly affected by the type of 
hydrophilic head group. Evidence shows that with the same number of carbon atoms in 
the hydrophobic tail region, an ionic surfactants’ CMC value is nearly one hundred times 
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higher than the non-ionic one’s and the zwitterionic surfactant with the same structure 
hydrophobic tail has nearly the same CMC value as the ionic one. Besides the effect of 
the type of the head group, the position of the hydrophilic head group can also affect the 
CMC value of the surfactants. Research shows that if the hydrophilic group is located in 
the central position instead of the terminal position, the CMC will increase. Furthermore, 
the number of hydrophilic groups can affect the CMC value. A surfactant which has two 
hydrophilic head groups has a higher CMC value than one with the same hydrophobic tail 
but only one hydrophilic head group. Also, the CMC value will decrease as the 
hydrophilic head group gets larger; for example, if a methyl group replaces a hydrogen of 
an amino group, the new hydrophilic head group structure will cause the CMC value to 
decrease. (Rosen, 1978) 
 
2.4.2 Electrolyte 
The CMC value of a certain surfactant will decrease with the presence of 
electrolytes in the aqueous solution. The electrolyte effect will cause a reduction of CMC 
for ionic surfactants much more than that of non-ionic surfactants. For the ionic 
surfactants, the environment surrounding the head group will change with the additional 
electrolyte, leading to a reduction of electrical repulsion force between the hydrophilic 
head groups and result in a decrease of the CMC. For non-ionic surfactants, the presence 
of an electrolyte can have two effects on the surfactant molecule: the “salting out” or the 
“salting in”; when the monomeric form of surfactant experiences a “salting out” effect, 
the CMC value will decrease; otherwise, the CMC value will increase. (Rosen, 1978; 
Chakraborty & Sarkar, 2005) 
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2.4.3 Temperature 
The effects of temperature on CMC value are various. An increase in temperature 
can cause two totally opposite effects in the micellization process; one is the reduction of 
hydration of the hydrophilic head group, which promotes micellization; and the other one 
is the disruption of the structure of hydrophobic region, which is against micellization. 
These two effects will affect the CMC, depending on the temperature and the type of 
surfactant. For ionic surfactants, the minimum CMC value is obtained at 25℃ while for 
the non-ionic surfactants the minimum occurs at 50℃. (Rosen, 1978; Pablo et al., 2004; 
Varela et al., 1999) 
 
2.5 Micelle Dynamics 
Micelles cannot exist forever after forming from surfactant molecules. They are in 
dynamic equilibrium between their monomeric forms and their aggregated forms (Fig. 2-
4). Evidence shows that the half-life of a micelle is very short, even shorter than the dead 
time of stopped-flow equipment (10 ms). During the micellar dynamic equilibrium, many 
processes can happen. Some researchers think that a single surfactant molecule will 
exchange between micelles (AN and AN-1) or between a micelle (AN) and aqueous 
solutions (reaction 2.4, A is surfactant molecule and N is the aggregation number); while 
other researchers assume that a single micelle (AN) can undergo a formation and 
breakdown reaction (reaction 2.5, A and N are referring the same thing as reaction 2.4). 
Furthermore, a micelle can also go through a “fragmentation/coagulation” process like 
reaction 2.6 (s=i+j), in which micelle As can break down into two new micelles Ai and Aj; 
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and this process can also be reversed, in which two small micelles can combine and form 
one micelle. In addition, solubilizates in micelles can be exchanged between micelles and 
the bulk solution. (Zana, 2005; Rharbi et al., 2004) 
 AN ⇌ AN-1 + A                                                         (2.4) 
NA ⇌ AN                                                            (2.5) 
As ⇌ Ai + Aj                                                          (2.6) 
 
Fig. 2-4 Micelle behavior in solution. (Zana, 2005) 
 
2.6 SDS and Triton X-100 
As mentioned above, the classes of surfactants can be divided into anionic, cationic, 
zwitterionic and non-ionic based on their hydrophilic head group. According to the data 
from Rosen’s book, anionic surfactants account for nearly 73% of the U.S. consumption 
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of surfactants, while non-ionic surfactants are nearly 21% of the U.S. consumption of 
surfactants. In other words, most of surfactants that people use are anionic or non-ionic. 
(Rosen, 1978)  
In this thesis, an anionic and a non-ionic surfactant are chosen to use in the 
formation of micelles. The anionic surfactant, sodium dodecyl sulfate (SDS), a sulfate 
ester salt (Fig. 2-5) (Rosen, 1978), is widely used in many areas like biochemistry (SDS 
polyacrylamide gel electrophoresis) and cosmetics (emulgator). The advantage of this 
type of surfactant is that it is completely ionized in water, stable across the pH change 
and also can be used in hard water (Rosen, 1978). Triton X-100, a polyoxyethylenated 
alkylphenol non-ionic surfactant (Fig. 2-6), is usually used in hard-surface detergency, 
powder preparation and pesticide formulation. Table 2-2 list some physical and chemical 
properties of SDS and Triton X-100. 
 
Fig. 2-5 Structure of sodium dodecyl sulfate 
 
Fig. 2-6 Structure of Triton X-100, n=9-10 
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Table 2-2 Physical and Chemical Properties of SDS and Triton X-100 
Property SDS Triton X-100 
Formula CH3(CH2)11OSO3Na 
t-Oct-C6H4-(OCH2CH2)nOH 
n=9-10 
Molecular Weight 288.38 g/mol Average 625 g/mol 
Aggregation Number 62 100-155 
First CMC 8.0 mM (Shi et al., 2011) 
0.25 mM  
(Chaudhuri et al., 1996) 
Second CMC 70 mM (Shi et al., 2011) 
11.00 mM 
(Chaudhuri et al., 1996) 
Cloud Point* >100 ℃ 65 ℃ 
Melting Point 204-207 ℃ - 
HLB
**
 40 13.5 
Log KOW
*** 1.6 - 
* Cloud Point: The temperature where the surfactant solution starts to separate into two phases. 
(Cordisco et al., 2015) 
** HLB: Hydrophile-Lipophile Balance, which can show if a surfactant is hydrophilic or lipophilic. 
HLB value can be determined by calculation, water-solubility test or emulsifier blending. Normally, a 
large HLB value indicates the surfactant is more water soluble and a small value indicates the 
surfactant is more oil soluble. (Davies, 1957; Gadhave, 2014; ICI Americas Inc., 1980) 
*** KOW: The Octanol-Water Partition Coefficient, which is a ratio of the concentrations of a certain 
chemical in n-octanol and water at equilibrium in the z-phase mixture at a particular temperature. 
(Pontolillo & Eganhouse, 2001) 
 
2.7 Adsorptive Micellar Flocculation 
Adsorptive micellar flocculation (AMF) is a separation method based on the 
principle that anionic surfactant micelles will coagulate when there are multi-valent 
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cations in the solution (Talens et al., 1998). This method is widely used in the wastewater 
treatment area, with the use of SDS as the anionic surfactant and normally Al3+ or Fe3+ as 
the cation (Talens et al., 2002; Patόn-Morales & Talens-Alesson et al., 2001). The 
mechanism for this process starts with aqueous SDS molecules forming micelles once 
their concentration is above the CMC; then, the organic pollutants which have low 
solubility in water will solubilise in SDS micelles’ hydrophobic core. After that, when the 
cations (Al
3+
 or Fe
3+
) are added into the solution, they will chelate the negatively charged 
micelle surface and this electroneutralisation will lead to micellar flocculation. (Fig. 2-7) 
 
Fig. 2-7 Adsorption micellar flocculation (Farinato & Dubin, 1999)  
In this study, AMF is used to separate the compound contained in the micelle from 
that in the aqueous solution.  Due to the characteristics and the structure of micelles, 
aqueous-insoluble compounds (4-phenylazophenol or Disperse Orange 3) and their 
enzymatic reaction products will be solubilised in the micelle hydrophobic core (Fig. 2-8). 
In order to separate the micelle out of the aqueous solution, aluminum ion is introduced 
to the solution and the micelles containing the insoluble compounds will be precipitated 
out of the aqueous solution by micellar flocculation.  
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Fig. 2-8 Substrate solubilisation in micelle. (Kim et al., 2001) 
 
2.8 Model Compounds 
The choice of model compound for this thesis must fit the following intentions: 
1. Must have both hydrophobic part and hydrophilic part, and better to be a linear 
molecule. 
2. Poorly soluble in water but soluble in normal organic solvents. 
3. Has to be a substrate of SBP. 
Based on the conditions, two model compounds were chosen: 4-phenylazophenol 
and 4-(4-nitrophenylazo)aniline (Disperse Orange 3). These two compounds both have 
the functional group that SBP can work on and have poor solubility in water. 
Furthermore, these two compounds are colored, thus it can easily be seen if the enzymatic 
reaction is going or not. 
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2.8.1 4-Phenylazophenol 
The structure of 4-phenylazophenol is shown in Fig. 2-9 and its basic information is 
shown in Table 2-3. Due to a research requirement, the solubility of 4-phenylazophenol 
will be tested. Detailed information will be provided in Chapter 3 Section 3.3.4. 
 
Fig. 2-9 Structure of 4-phenylazophenol 
Table 2-3 Physical and Chemical Properties of 4-Phenylazophenol 
Property 4-Phenylazophenol 
Formula C12H10N2O 
Molecular Weight 198.2 g/mol 
Solubility 19.8 mg/L (Section 4.2) 
Color Yellow 
Melting Point 155-157 ℃ 
Boiling Point at 20 mm Hg 220-230 ℃ 
pKa 8.2 
Log KOW 3.6 
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2.8.2 Disperse Orange 3 
Unfortunately, Disperse Orange 3 (DO3) does not react with SBP. Based on Li Wang’s 
thesis (2002), although Disperse Orange 3 has the functional group for SBP, the SBP 
cannot directly react with this compound and nitroaromatics (Fig. 2-10); in general, the 
presence of a nitro group in an arylamine or phenol makes such compounds outside the 
scope of SBP catalysis (Mantha et al., 2001). In his thesis, Li Wang first used zero-valent 
iron to reduce DO3 to p-phenylenediamine (p-PD), then used enzymatic treatment (HRP 
plus hydrogen peroxide) to remove the p-PD (Wang, 2002). 
 
Fig. 2-10 Structure of Disperse Orange 3 
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CHAPTER 3 
 
3. Materials and Experimental Methods 
3.1 Materials 
3.1.1 Enzymes 
Crude dry solid SBP (Industrial Grade lot #18541NX) was purchased from Organic 
Technologies (Coshocton, ON). Dry solid catalase from bovine liver (E.C. 1.11.1.6, lot 
#120H70 60, 19,900 U/mg) was purchased from Sigma-Aldrich Canada Co. (Oakville, 
ON). Both dry enzymes were stored at -15 ℃.Both enzyme stock solutions were stored at 
4 ℃. 
 
3.1.2 Aromatic Compounds 
Phenol (purity ˃99%), 4-phenylazophenol (98% purity), 4-(4-nitrophenylazo)aniline 
(dye content 90%) were purchased from Sigma-Aldrich Canada Co. (Oakville, ON).  
 
3.1.3 Reagents 
4-Aminoantipyrine (4-AAP) was purchased from Sigma-Aldrich Canada Co. 
(Oakville, ON). Hydrogen peroxide (30% wt. %) was purchase from ACP Chemicals Inc. 
(Montreal, QC). 
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3.1.4 Surfactants 
Sodium dodecyl sulfate (SDS) was purchased from Sigma-Aldrich Canada Co. 
(Oakville, ON). Triton X-100 was purchased from Alphachem (Mississauga, ON). 
 
3.1.5 Buffers and Solvents 
Analytical grade monobasic and dibasic sodium phosphates, sodium bicarbonate, 
sodium acetate and acetic acid were purchased from ACP Chemicals Inc. (Montreal, QC). 
Sodium carbonate and tris(hydroxymethyl) aminomethane were purchased from Sigma-
Aldrich Canada Co. (Oakville, ON). HPLC grade acetonitrile and methanol were 
purchased from Fisher Scientific Co. (Ottawa, ON). Calibration buffers at pH 4.01, 7.00 
and 10.00 were purchases from ACP Chemical Inc. (Montreal, QC). 
 
3.2 Analytical Equipment 
3.2.1 Ultraviolet-Visible Spectroscopy 
UV-Vis absorbances were measured by an Agilent 8453 UV-Visible 
spectrophotometer (λ range of 190-1100 nm and 1.0 nm resolution), controlled by a 
Hewlett Packard Vectra ES/12 computer. Quartz cells with a 10 mm path length were 
purchased from Hellma Canada Limited (Markham, ON). 
 
3.2.2 Conductivity and pH Meter 
Conductivity and pH data were measured by an Oakton pH/CON 700 benchtop 
meter (pH range -1.99 to 16.00, pH resolution 0.01; conductivity range 0 µS/cm to 200.0 
mS/cm, conductivity resolution 0.01-1 µS/cm and 0.01-0.1 mS/cm), with an Orion pH 
31 
 
probe (9110DJWP, Ag/AgCl double junction, glass body) and an Oakton conductivity 
probe. 
 
3.2.3 Centrifuge 
All the centrifugation was carried out with a Corning LSE
TM
 Compact Centrifuge 
(Tewksbury, MA) with 6*50 mL and 6*15 mL centrifuge tubes capacity and maximum 
speed of 6000 rpm.  
 
3.2.4 High Performance Liquid Chromatography (HPLC) 
All HPLC data were measured by Waters HPLC system (with Waters 2489 
UV/Visible detector, Waters 1525 binary HPLC Pump, Waters 2707 auto-sampler).  
Flow rate for 4-phenylazophenol and Triton X-100 are both 1 mL/min. Mobile phase for 
4-phenylazophenol is 40% of 0.1% aqueous formic acid and 60% of 100% acetonitrile; 
and for Triton is 5% of 0.1% aqueous formic acid and 95% of 100% acetonitrile. 4-
Phenylazophenol is measured at 347 nm and Triton X-100 is measured at 276 nm. 
 
3.2.5 Other Equipment 
Ultrafiltration centrifugal filters (3K MWCO, Pall® Life Sciences) were purchased 
from VWR International Inc. (Mississauga, ON). Micro V magnetic stirrers (0-1100 rpm, 
model 4850-00) and VWR Magstirrers (100-1500 rpm, model 82026-764) were 
purchased from VWR International Inc. (Mississauga, ON). Magnetic stir bars in 
different sizes were purchased from Fisher Scientific Co. (Ottawa, ON).  
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3.3 Analytical Methods 
3.3.1 Soybean Peroxidase (SBP) Activity Assay 
In this assay, the activity of free SBP was determined by using a time-based 
colorimetric measurement (Caza et al., 1999) according to this reaction: 
4-AAP + phenol + H2O2	
					)*					
 Pink Chromophore (+max = 510 nm)                  (3.1) 
When the SBP was mixed with the reagent (containing 4-AAP, phenol, H2O2 and 
pH=7.4 phosphate buffer), the mixture will form an absorbance peak at 510 nm and the 
enzyme activity can be measured through monitoring the peak increasing in a certain 
time period. In order to obtain accurate results, the enzyme stock solution needs to be 
diluted first and the activity test needs to be finished within 30 min after the reagent was 
made. 
To begin the test, 50 µL diluted SBP was pipetted into the cuvette first and followed 
with 950 µL reagent, in which a mixing force can be created when adding the reagent and 
starting the reaction immediately. The reaction time was set as 30s and the cycle time was 
5s. All the data can be collected by computer software and the enzyme activity was 
calculated from the slope of a time-based absorbance line. Full details are provided in 
Appendix A. 
 
3.3.2 Critical Micelle Concentration (CMC) by Conductivity Assay 
In this assay, the surfactants’ CMC were determined by conductivity measurement 
(Aguiar et al., 2003). 0.1 mol/L surfactant stock solution was made and diluted into 12-20 
different concentrations (the concentrations of surfactant solution were chosen based on 
the literature value of the surfactant’s CMC); then using the calibrated conductivity meter 
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to measure each sample’s conductivity and the data was used to determine the CMC of 
the surfactants. This method only applies for ionic surfactants. Full details are provided in 
Appendix B. 
 
3.3.3 Critical Micelle Concentration (CMC) by Colorimetric Assay 
The dye curcumin was used in measuring the CMC of surfactants by UV absorbance 
(Mondal & Ghosh, 2012). Curcumin is a water-insoluble, environmentally friendly, 
yellow compound that can easily dissolve in alcohols and other organic solvents. In this 
assay, curcumin was first dissolved in methanol (1mg/mL, 2.7 mM) and then combined 
with aqueous surfactant solutions that have different concentrations (the concentrations of 
surfactant were chosen based on the literature value of the surfactant’s CMC, curcumin 
final concentration in the mixture is 18 µM). After vortexing for 30 seconds, the 
absorbance of the samples was measured at 423 nm, where the machine was first blanked 
with aqueous surfactant solution. Methanol in the curcumin-surfactant mixture would not 
affect the result since the amount of methanol was less than 1% (20 µL methanol in 3 mL 
aqueous solution, 0.7 %). This assay is suitable for both ionic and non-ionic surfactants. 
Full details are provided in Appendix B. 
 
3.3.4 4-Phenylazophenol Water Solubility Determination 
In this assay, the solubility of 4-phenylazophenol was determined by UV absorbance 
based on acetonitrile extraction. An oversaturated aqueous 4-phenylazophenol solution 
was made first and the solid in the solution was separated by using a syringe filter. Then, 
10 mL of filtrate, a saturated aqueous 4-phenylazophenol solution was mixed with 10 mL 
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acetonitrile and 4 g of NaCl in 50 mL centrifuge tube, where the 4-phenylazophenol was 
extracted by acetonitrile from water and the NaCl is used to make the acetonitrile -water 
solution separate into two phases. After the solution had been vortexed (1 min), the 
mixture was centrifuged for 5 min and 5 mL 4-phenylazophenol acetonitrile solution 
(upper layer) was transferred to a 15 mL centrifuge tube containing 750 mg MgSO4, 
where the MgSO4 was used to absorb the residual water and NaCl that might remain in 
the acetonitrile. After the supernatant was vortexed for 1min, centrifugation and syringe 
filtration were used to separate MgSO4 from the solution. The absorbance of the solution 
was determined by UV spectroscopy and compared to the 4-phenylazophenol acetonitrile 
standard curve. 4-Phenylazophenol acetonitrile HPLC standard curve is provided in 
Appendix C. 
 
3.3.5 SDS Colorimetric Assay 
In this assay, the concentration of SDS was determined by UV absorbance based on 
chloroform extraction of a dye complex (Arand et al., 1992). Aqueous SDS solution 
samples were mixed with methylene blue reagent in the centrifuge tube and vortexed for 
1min. After the sample stood for 2 min, chloroform was added and the tube was vortexed 
for another 1 min. When the mixture in the tube was settled for 3 min, the colored 
complex of SDS and methylene blue in the chloroform layer was taken out by pipet and 
the absorbance was measured at 651 nm, where the machine was blanked by chloroform. 
Full details and standard curve are provided in Appendix C. 
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3.3.6 Buffer Preparation 
Buffers used in this study were prepared based on Gomori’s methods (Gomori, 
1955). Sodium phosphate buffer (pH range 6-8.0) was used in 4-phenylazophenol 
enzymatic reaction, surfactants’ CMC determination and enzyme activity test. Acetate 
buffer (4.6-5.6), Tris buffer (pH 8.2 and 8.5) and carbonate-bicarbonate buffer (pH 9.2 
and 10) were used in 4-phenylazophenol enzymatic reaction and 4-phenylazophenol pKa 
study.  
 
3.3.7 Enzyme Stock Solution Preparation 
SBP stock solution (52 U/mL) was prepared from 0.12 g solid enzyme mixed with 
100 mL water for 24 hours; then the mixture was centrifuge for 15 min at 4000 rpm. The 
supernatant was taken as the stock solution and stored at 4 ℃. Catalase stock (25000 
U/mL) solution was prepared from 0.5 g solid enzyme mixed with 100 mL water for 5 
hours and then stored at 4 ℃.  
 
3.4 Experimental Procedures 
All experimental procedures in this study were performed in triplicate at room 
temperature (20 ± 2℃) and the average of the triplicate data was presented as results; the 
error bars in the graphs show the stand deviation of the results.    
 
3.4.1 4-Phenylazophenol Enzymatic Reaction in Aqueous Solution 
Batch reactors were used to find out the optimum conditions for 4-phenylazophenol 
enzymatic reaction in the aqueous phase. The main conditions investigated were pH, 
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H2O2 concentration and the amount of SBP. In this procedure, buffer concentration 
maintains at 40 mM; pH was first optimised in a broad range (4.6-9.2) and then it was 
narrowed around a certain pH value. The H2O2 optimization followed where different 
H2O2 concentrations (0-0.3 mM) were used at the optimised pH value. The activity of 
SBP required was determined by adding different amounts of SBP stock solution (to give 
0-0.07 U/mL in the batch reactor) under the optimised pH and H2O2 conditions. All batch 
reactors were run for 3 hours with continuous stirring in order to allow the enzyme 
enough time to react with all the substrate. After 3 hours, catalase stock solution was 
added into each batch reactor (to 125 U/mL) to quench the reaction; the catalase would 
decompose all the hydrogen peroxide in the batch reactor. Then, all samples were filtered 
by syringe micro-filters and analyzed by HPLC.   
 
3.4.2 4-Phenylazophenol Micellar Solution Purification 
In order to avoid disturbance by 4-phenylazophenol in the aqueous phase, a 
separation process must be done before using the 4-phenylazophenol micellar solution in 
an enzymatic reaction, using a ultrafiltration centrifugal device. 
In this procedure, the conical device was first washed with water (20 mL water in 
sample reservoir, centrifuged 20 min); after washing twice, 20 mL 4-phenylazophenol 
micellar solution was added into the ultrafiltration centrifuge device’s sample reservoir 
containing the encapsulated membrane (3K MWCO); then the sample reservoir was put 
into the filtrate receiver (a centrifuge tube), which was then capped before centrifugation. 
The solution remaining in the sample reservoir was collected after centrifuging the device 
for 30 min; the filtrate was collected to run the SDS colorimetric test and 4-
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phenylazophenol color test. Each centrifugal device was washed with water twice (20 mL 
water in sample reservoir, centrifuge 20 min) before re-use. Details of the centrifuge 
device are presented in Fig. 3-1.         
 
Fig. 3-1 Details of centrifuge device. (Adopted from Macrosep advance centrifugal devices’ user 
manual) 
 
3.4.3 4-Phenylazophenol Enzymatic Reaction in Micellar Solution  
This procedure was similar to the one in section 3.4.1 (4-phenylazophenol concentration 
0.5 mM, pH 5.0 to 8.0, 40 mM buffer, hydrogen peroxide concentration 0.25 to 1.5 mM), 
but the enzyme activity can be affected with the presence of micelles. The SBP activity 
was tested with 20 mM SDS and the amount of SBP (0.0025 to 0.07 U/mL) needed to be 
optimized for 4-phenylazophenol with the presence of SDS and Triton X-100. After 3 
hours reaction and quenching by catalase, the samples were micro-filtered. In order to 
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find out exactly how much substrate was polymerised, further separation procedures were 
used in section 3.4.4.    
 
3.4.4 Analysis of 4-Phenylazophenol Remaining  
In order to get the percent removal of 4-phenylazophenol after enzymatic reaction, 
the concentration of 4-phenylazophenol needed to be analyze. In this process, acetonitrile 
extraction is introduced to extract 4-phenylazophenol in the post-reaction samples and 
then the extract was analyzed by HPLC. First, the samples were going through syringe 
filter to remove any solid substances; then, 6 mL of filtrate was added into acetonitrile 
and salt mixture and vortexed for 30 seconds. After centrifugation for 5 min at 4500 rpm, 
the acetonitrile layer (upper layer) was taken and filtrated by organic-tolerant syringe 
filter. 4-Phenylazophenol HPLC acetonitrile standard curve is provided in Appendix C. 
 
3.4.5 Colored Product Removal 
AMF was used to remove the colored products created by the enzymatic reaction in 
SDS micelles. First, alum stock solution (50 mM) was added into the micellar solution 
containing polymerisation products in a certain ratio (Al3+/SDS molar ratio 1.2); then, the 
mixture was vortexed for 1 min and centrifuged for 5 min at 4500 rpm. The supernatant 
was then analyzed by UV spectroscopy after filtration by syringe filter to calculate the 
percent removal of the color compound. 4-Phenylazophenol aqueous UV-Vis 
spectroscopy standard curve is provided in Appendix C. 
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3.5 Sources of Error  
All experiment results are affected by systematic and random errors. To minimize 
these errors, all experimental samples were prepared in triplicates and standard deviations 
of all experimental data were in ±5% range; all measuring instruments including pipettes, 
balances, pH/conductivity meter were calibrated before use. 
The SBP activity was tested at the beginning of the day before running the related 
experiment to minimize the error due to its sensitivity to room temperature change, 
reagent age and mixing conditions. SBP stock solution was always stored in the fridge at 
around 4℃ in order to keep it fresh; all activity testing was finished within 30 min after 
the reagent was made and the mixing method during each test remained the same. Room 
temperature was maintained at 20 ± 2℃. 
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CHAPTER 4 
 
4. Results and Discussion 
4.1 Determination of Critical Micelle Concentration 
As mentioned in section 2.3.4, the critical micelle concentration (CMC) is an 
important parameter for surfactants and there are multiple ways to determine CMC. Here, 
a colorimetric spectrophotometric method is used to determine and study the influence of 
buffer concentration on CMC value. 
 
4.1.1 Critical Micelle Concentration of Surfactants 
To determine CMC for both SDS and Triton X-100, curcumin was used as a phobe 
in the colorimetric spectrophotometric method. Although curcumin is a water-insoluble 
compound that can easily dissolve in organic solvents like methanol or acetonitrile, it can 
dissolve in water in the presence of micelles; this solubility change can be reflected by 
absorbance strength at 423 nm. The CMC value is the middle point (./) of the sigmoid 
curve, which can be calculated by using Sigmoidal-Boltzmann equation (eq. 4.1). 
(Mondal & Ghosh, 2012) 
0 =
 12 3
456(898:)/∆8
+  3                                                       (4.1) 
where ? is the absorbance value of curcumin, . is the concentration of surfactant, @A 
and @B is the upper and lower limits of the sigmoid curve, ./ is the center of the sigmoid 
curve and ∆. is parameter that indicate the steepness of the function. (Mondal & Ghosh, 
2012) 
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Using the fitted curve in Fig. 4-1, it was calculated that the CMC for SDS is 7.24 ± 
0.04 mM, which is close to the value determined by the conductivity method (7.51 mM, 
Fig. 4-3, calculation method present in Appendix B) and the literature value (7.19 mM, 
Mondal & Ghosh, 2012). This evidence demonstrates that the curcumin colorimetric 
method can be used for determination of the CMC value for surfactants. Fig. 4-2 shows 
that the colorimetric method can be used to determine the CMC for Triton X-100 (0.32 ± 
0.02 mM), which is also close to the literature value (0.27 mM, Regev & Zana, 1999). 
 
Fig. 4-1 SDS CMC determination by curcumin colorimetric assay at 423 nm using equation 4.1 
R
2
 = 0.99 
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Fig. 4-2 Triton X-100 CMC determination by curcumin colorimetric assay at 423 nm using  
equation 4.1 
 
Fig. 4-3 SDS CMC determination by conductivity assay 
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An interesting UV-Vis spectroscopic behavior was observed during the CMC 
determination of SDS (Fig. 4-4). At very low SDS concentrations (0-1 mM), a peak 
increased at around 350 nm and disappeared when the concentration was close to CMC. 
According to Dutta and his colleagues, this phenomenon was caused by SDS forming 
pre-micelles. At low SDS concentration (starting from 0.1 mM), the SDS monomers 
would start to aggregate; if there was curcumin present in the solution, the SDS 
monomers would combine with curcumin through ion-dipole or hydrophobic interaction, 
forming a curcumin-surfactant complex that has an absorbance peak at 350 nm (Dutta et 
al., 2013). The pre-micelles dissociate when the concentration approaches the CMC due 
to the formation of micelles.   
 
Fig. 4-4 Absorbance peak in curcumin colorimetric assay at 350 nm 
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4.1.2 Effect of Buffer Concentration  
As discussed in section 2.4.2, the presence of electrolytes can have an impact on 
surfactant’s CMC value. The enzymatic reactions performed in this study are all under a 
buffered condition in order to maintain pH value. Thus, the curcumin colorimetric 
method was used to study the effect of buffer concentration (electrolytes) on each 
surfactant’s CMC. 
Results in Table 4-1 indicate that, in the presence of electrolytes, the CMC of SDS 
has a significant decrease, as where that of Triton X-100 is stable at different buffer 
concentrations. The reason for this is that electrolytes can decrease the electrical 
repulsion between charged surfactant molecules, which can result in a lower CMC value 
(Attwood & Florence, 2003); but for Triton X-100, the electrolytes do not have a huge 
impact on its CMC due to the hydrophilic group (polyethylene oxide) in Triton X-100 
interacts with water through hydrogen bonds. (Carlota et al., 2005) 
 
Table 4-1 CMC for SDS and Triton X-100 in Different Buffer Concentrations* 
Buffer Concentration CMC for SDS CMC for Triton X-100 
0 mM 7.34 ± 0.18 mM 0.31 ± 0.04 mM 
20 mM 2.90 ± 0.08 mM 0.32 ± 0.03 mM 
30 mM 2.30 ± 0.08 mM 0.24 ± 0.02 mM 
40 mM 2.18 ± 0.15 mM 0.26 ± 0.02 mM 
50 mM 1.83 ± 0.08 mM 0.29 ± 0.03 mM 
*  pH 7 phosphate buffer 
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4.1.3 Summary: Determination of Critical Micelle Concentration 
From the data discussed in section 4.1.1 and 4.1.2, the curcumin colorimetric 
method is a reliable method to determine CMC of surfactants. Compared to the 
conductivity method, curcumin colorimetric method can determine the CMC for non-
ionic surfactants and it is sensitive at low surfactant concentration changes. Also, a pre-
micelle phenomenon was confirmed through the results; although the curcumin 
colorimetric method is not as sensitive as resonance Rayleigh scattering, it provides 
evidence for the existence of pre-micelles. 
The different self-assembly behavior of surfactants in buffered and unbuffered 
systems clearly shows that the electrolytes present in the solution at low concentration 
can have a huge effect on an anionic surfactant but not on a non-ionic surfactant, due to 
their different interactions with surrounding water molecules.  
 
4.2 4-Phenylazophenol Characteristics  
In this section, two characteristics of 4-phenylazophenol are discussed: solubility 
and pH behavior of the UV-Vis spectrum. 
As mentioned in section 3.3.4, 4-phenylazophenol is insoluble in water. However, 
with a long enough stirring time (24 hours), some 4-phenylazophenol does dissolve in 
water and the aqueous solution has a strong yellow color. Based on the UV-Vis 
spectrophotometric data, the +max for 4-phenylazophenol saturated aqueous solution is 
347 nm and it has nearly 0.5 absorbance after 4-fold dilution. In order to find out the 
concentration of 4-phenylazophenol at saturation in water, acetonitrile extraction was 
used to extract the 4-phenylazophenol into acetonitrile and then be analyzed by HPLC. 
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The result shows that the aqueous solubility is 0.11 mM (19.8 mg/L). Longer stirring 
time did not increase the concentration of 4-phenylazophenol in water. 
The UV-Vis spectrum of 4-phenylazophenol aqueous solution changes as a function 
of pH, as shown in Fig. 4-5. The +max of 4-phenylazophenol will start shifting to longer 
wavelength once the pH is higher than 7 and there is a broad peak at pH 10 from 390 to 
432 nm. Specific details are listed in Table 4-2. 
 
Fig. 4-5 4-Phenylazophenol UV-Vis spectroscopy in different pHs 
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Table 4-2. Absorbance and Molar Absoptivity for 4-Phenylazophenol at Different pHs 
Wavelength and pH Absorbance Molar Absoptivity 
347 nm at pH 1.6 0.526 21400 
347 nm at pH 6.5 0.51 20400 
Isosbestic point at 369 nm 0.36 14400 
347 nm at pH 8.0 0.358 14320 
390 nm at pH 8.0 0.318 12720 
347 nm at pH 8.5 0.312 12480 
390 nm at pH 8.5 0.358 14320 
390 nm at pH 10 0.496 19840 
432 nm at pH 10 0.517 20680 
 
The data show that both protonated and deprotonated 4-phenylazophenol have 
nearly the same absorbance at their respective +maxs. The abrupt change in absorbance 
between pHs 8.0 and 8.5 is consistent with the pKa value of 8.2 for 4-phenylazophenol 
from the literature (Belousova et al., 2002). 
 
4.3 4-Phenylazophenol Enzymatic Reaction in Aqueous Solution 
As discussed in section 4.2, 4-phenylazophenol has an aqueous solubility of 0.1 mM 
and that solution has a pH of 6.5 with a strong yellow color (absorption at its λmax after 
four-fold dilution is 0.48). The enzymatic reaction will first be studied in 4-
phenylazophenol aqueous solution in order to get a better understanding for the later 
study in micellar solutions.  
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4.3.1 Effect of pH 
Since a change of pH can cause the ionization state of catalytically relevant amino 
acid residues to charge, an enzymatic reaction normally will have a suitable pH or pH 
range to reach its maximum catalytic capacity. In this study, different pHs from 4.6 to 9.2 
were studied at a fixed H2O2/4-phenylazophenol ratio (1.5); the SBP concentration was 
chosen to be a stress condition (0.01 U/mL, insufficient to catalyze complete conversion 
at any pH) in order to highlight the differences caused by changes in pH; 4-
phenylazophenol concentration was 0.072 mM. The pH optimization results are presented 
in Fig. 4-6. 
Obviously, the pH optimal point is at pH 8.5, but it is impractical in wastewater treatment 
to consider raising the pH value to this value. Instead of pH 8.5, a milder pH condition 
(pH 7.0) was chosen as the pH for further optimization of other conditions for 4-
phenylazophenol enzymatic reaction.  
 
Fig. 4-6 pH optimization for 4-phenylazophenol enzymatic reaction in aqueous solution 
(0.072 mM 4-phenylazophneol, 0.108 mM H2O2, 0.01 U/mL SBP)  
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4.3.2 Effect of Hydrogen Peroxide Concentration 
Based on the equations in section 2.2.2, the theoretical stoichiometric ratio between 
hydrogen peroxide and a phenol should be 0.5. However, earlier research has shown that 
the optimal hydrogen peroxide/phenol ratio is around 1.0 to 1.5 (Nicell et al., 1992).  In 
order to discover the optimal H2O2/4-phenylazophenol ratio for enzymatic reaction in 
aqueous solution, the ratio was studied from 0.5 to 4; 0.04 U/mL SBP concentration was 
chosen to meet the optimal enzyme concentration based on the results in section 4.2.3; 
the pH was 7.0 and 4-phenylazophenol concentration was 0.072 mM.  
From Fig. 4-7, the optimal H2O2/4-phenylazophenol ratio is 1.5. When the hydrogen 
peroxide concentration was increased beyond that ratio, the efficiency of the enzymatic 
reaction decreased compared to the optimal condition. As mentioned in section 2.2.3 the 
excess hydrogen peroxide will turn the SBP into compound III, which cannot react with 
the substrate. Thus, excess hydrogen peroxide lowers the enzyme concentration and 
causes a decrease of substrate removal. 
 
Fig. 4-7 Hydrogen peroxide optimization for 4-phenylazophenol in aqueous solution 
(0.072 mM 4-phenylazophenol, 0.04 U/mL SBP, 40 mM pH 7.0 phosphate buffer) 
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4.3.3 Effect of Soybean Peroxidase Concentration 
Soybean peroxidase concentration optimization was performed at the optimal 
conditions for 4-phenylazophenol in aqueous solution (pH 7.0 and H2O2/4-
phenylazophenol molar ratio of 1.5). SBP concentration was varied from 0.01 to 0.07 
U/mL. 
Results shown in Fig. 4-8 indicate that the optimal SBP concentration for 4-
phenylazophenol enzymatic reaction in aqueous solution is at 0.04 U/mL (for at least 95% 
removal). Also, if SBP concentration was further increased, the reaction can reach nearly 
99% removal of the 4-phenylazophenol in aqueous solution.  
 
 
Fig. 4-8 SBP concentration optimization for 4-phenylazophenol in aqueous solution 
(0.072 mM 4-phenylazophenol, 0.108 mM hydrogen peroxide, 40 mM pH 7.0 phosphate buffer) 
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4.4 4-Phenylazophenol Enzymatic Reaction in Micellar Solutions 
As 4-phenylazophenol cannot reach a high concentration in aqueous solution, two 
surfactants were used to form micelles in order to increase the solubility of 4-
phenylazophenol in aqueous solution. With the micelles, 4-phenylazophenol stock 
solutions can reach 1 mM with 20 mM SDS or 10 mM Triton X-100. 
 
4.4.1 Analysis of 4-Phenylazophenol Remaining  
In order to know the percentage of 4-phenylazophenol converted by the enzymatic 
reaction, samples were analyzed by HPLC for remaining 4-phenylazophenol. However, 
surfactants, especially SDS, may possibly coat the column or lower the column’s 
efficiency. To avoid a large amount of surfactants’ being injected into the HPLC column, 
pre-treatment was applied to the batch reactor samples before injection into the HPLC, 
either by adsorptive micellar flocculation or acetonitrile extraction. 
Adsorptive micellar flocculation (AMF) is a wastewater treatment method using 
Al
3+
 combined with anionic surfactants to form a precipitate and bring down the 
pollutants and surfactant in wastewater (Talent et al., 1998). Here, this method is 
combined with acetonitrile recovery to separate the remaining 4-phenylazophenol from 
the micelles for further analysis. Although AMF can achieve a high color removal rate 
(discussed in section 4.4.5), the acetonitrile 4-phenylazophenol recovery is not 
reproducible. The reason for this unreliable recovery is that some 4-phenylazophenol will 
be lost during the AMF process (the recovery for this combined method is only 80%). At 
lower pH, AMF cannot form a proper precipitate for the acetonitrile recovery. Even after 
centrifugation, some of the precipitates were still floating on the top of the solution and 
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they are lost when the supernatant is discarded before adding acetonitrile. Thus, AMF is 
not useful in the separation of 4-phenylazophenol and micelles. 
Acetonitrile extraction can also be used in separation of 4-phenylazophenol from 
micelles. The acetonitrile extraction is derived from QuEChERS (Quick, Easy, Cheap, 
Effective, Rugged, Safe), a pre-treatment method that is often used in agricultural sample 
analysis (Payá et al., 2007). In this method, excess salt (often NaCl) is dissolved in an  
acetonitrile-aqueous mixed sample to saturate the aqueous phase, and cause separation of 
the organic phase. By doing this, the micelles are disorganized; the 4-phenylazophenol 
will be transferred to the acetonitrile phase and be analyzed by HPLC. SDS colorimetric 
test of the aqueous layer shows that anionic surfactant will precipitate out of the solution 
since the aqueous phase is saturated with NaCl and SDS has little solubility in acetonitrile. 
However, for Triton X-100, this process will not precipitate out the surfactant; in fact, 
Triton X-100 is totally transferred from the aqueous phase to acetonitrile phase and it was 
detected by HPLC at 279 nm. In the acetonitrile phase, Triton X-100 will not assemble 
into micelles and it does not affect the separation of 4-phenylazophenol in the HPLC. 
Also, the polymers synthesized by the enzymatic reaction do not dissolve in the 
acetonitrile phase; they precipitate out once mixed with acetonitrile since the micelles do 
not exist anymore. Furthermore, this process will not be affected by a change of pH; 
results indicate that in the pH range 5 to 8, acetonitrile extraction has 100% recovery of 
4-phenylazophenol. Compared to AMF, the acetonitrile extraction is a better way to pre-
treat and extract the 4-phenylazophenol from batch reactor treatment samples.  
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4.4.2 Effect of pH 
The pH study was performed with 0.5 mM 4-phenylazophenol SDS micellar 
solution in pH range 4.0 to 8.0, in which the SDS concentration (10 mL 4-
phenylazophenol SDS stock solution diluted to 20 mL including 5 mL of 20 mM SDS 
solution, final SDS concentration was 15 mM in batch reactors) was above the CMC 
(2.14 mM) in the presence of 40 mM phosphate or acetate buffer.  The enzyme 
concentration (0.0025 U/mL) was only enough for less than 50% conversion (a stress 
condition) in order to accentuate the pH effect during the enzymatic reaction. Hydrogen 
peroxide concentration was 0.75 mM.  
From Fig. 4-9, an optimal pH of 6.0 was found for 4-phenylazophenol in SDS 
micellar solution. Compared to the pH optimization in aqueous solution (pH optimal 
point at 7.0), the pH optimal point is shifted a little bit to a lower pH due to the electric 
double layer surrounding at SDS micelles. 
 
Fig. 4-9 pH optimization for 4-phenylazophenol enzymatic reaction in SDS micellar solution  
(0.5 mM 4-phenylazophenol, 15 mM SDS, 0.75 mM hydrogen peroxide, 0.0025 U/mL SBP, 40 mM 
phosphate and acetate buffer) 
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For Triton X-100 micellar solution, the pH optimization experimental conditions 
were nearly the same, except the concentration of Triton X-100 was 5 mM in batch 
reactors (10 mL 4-phenylazophenol Triton X-100 stock solution diluted to 20 mL), which 
was above the CMC (0.26 mM) in the presence of 40 mM phosphate buffer or acetate 
buffer.  
From Fig. 4-10, pH 6.5 is the suitable environment for performing 4-
phenylazophenol enzymatic reactions in Triton X-100 micellar solution. This pH value is 
close to the conditions in aqueous solution, since Triton X-100 is a non-ionic surfactant, 
its hydrophilic group interacting with the aqueous phase through hydrogen bonds 
(Carlota et al., 2005); this connection make Triton X-100 micelles provide a water-like 
environment for the enzymatic reaction to take place. 
 
 
Fig. 4-10 pH optimization for 4-phenylazophenol enzymatic reaction in Triton X-100 micellar 
solution (0.5 mM 4-phenylazophenol, 5 mM Triton X-100, 0.75 mM hydrogen peroxide, 0.0025 
U/mL SBP, 40 mM phosphate buffer and acetate buffer) 
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4.4.3 Effect of Hydrogen Peroxide Concentration 
In order to find out the H2O2/substrate ratio for 4-phenylazophenol micellar 
solutions, hydrogen peroxide concentration studies were performed with 0.5 mM 4-
phenylazophenol micellar solution (15 mM SDS and 5 mM Triton X-100 in 40 mM 
phosphate buffer) at their respective pH optimal points (pH 6.0 for SDS and pH 6.5 for 
Triton X-100). The enzyme concentration (0.01 U/mL) used in this study can guarantee 
that at the suitable hydrogen peroxide condition the substrate conversion can reach over 
90%. Hydrogen peroxide concentration was varied from 0.25 mM to 1.5 mM to achieve 
the stoichiometric ratio to 4-phenylazophenol from 0.5 to 3. 
From Fig. 4-11 and Fig. 4-12, the optimal hydrogen peroxide/4-phenylazophenol 
ratios for both SDS and Triton X-100 are from 1.25 to 1.5, which can achieve over 95% 
removal. It is the same ratio as for 4-phenylazophenol in aqueous solution. These results 
show that micelles, from both ionic and non-ionic surfactants, are not affecting the 
function of hydrogen peroxide in the SBP polymerization reaction. 
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Fig. 4-11 Hydrogen peroxide optimization for 4-phenylazophenol enzymatic reaction in SDS micellar 
solution (0.5 mM 4-phenylazophenol, 0.01 U/mLSBP, 15 mM SDS, 40 mM pH 6.0 phosphate buffer) 
 
 
Fig. 4-12 Hydrogen peroxide optimization for 4-phenylazophenol enzymatic reaction in Triton X-100 
micellar solution (0.5 mM 4-phenylazophenol, 0.01 U/mL SBP, 5 mM Triton X-100, 40 mM pH 6.5 
phosphate buffer) 
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4.4.4 Effect of Soybean Peroxidase Concentration 
In order to find out the economic SBP concentration for 0.5 mM 4-phenylazophenol, 
SBP optimization studies were performed under optimal conditions determined above 
(pH 6.0 for SDS solution, pH 6.5 for Triton X-100 solution, hydrogen peroxide 
concentration for both surfactants were 0.75 mM). The SBP concentrations were varied 
from 0.0025 U/mL to 0.07 U/mL.  
Results shown in Fig. 4-13 and 4-14 indicate that at 0.01 U/mL SBP, the enzymatic 
reaction can 93-94% removal of 4-phenylazophenol in the presence of micelles, while 
0.02 U/mL SBP can achieve 97-99% removal. Compared to the enzyme usage in aqueous 
solution, nearly four times less enzyme was used to reach approximately the same extent 
of substrate removal rate (~95%), and this is despite the fact that the 4-phenylazophenol 
concentration is about 7 times higher in the micellar solutions.  
This evidence demonstrates that in the presence of micelles, the efficiency of SBP is 
greatly increased. The reason for this phenomenon may be that after the monomer 4-
phenylazophenol molecules form dimers, instead of precipitating out of the solution, 
these dimers will dissolve into the micelles and leave their hydrophilic group on the 
surface of micelle available for the next catalytic cycle. In aqueous solution, when the 
dimers precipitate out during the reaction, the resulting resin particles can adsorb the 
enzyme. This immobilization phenomenon will directly decrease the total SBP enzyme 
activity in the reaction and cause an increase of SBP requirement (Feng, 2013; Feng et al., 
2013).     
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Fig. 4-13 Enzyme Optimization for 4-phenylazophenol enzymatic reaction in SDS micellar solution. 
(0.5 mM 4-phenylazophenol, 0.75 mM H2O2, 15 mM SDS, 40 mM pH 6.0 phosphate buffer) 
 
Fig. 4-14 Enzyme Optimization for 4-phenylazophenol enzymatic reaction in Triton X-100 micellar 
solution (0.5 mM 4-phenylazophenol, 0.75 mM H2O2, 5 mM Triton X-100, 40 mM pH 6.5 phosphate 
buffer) 
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4.4.5 Colored Product Removal 
Normally, the colored product generated by the enzymatic reaction should 
precipitate from the solution and be removed by settling or filtration. However, in the 
presence of micelle, the colored 4-phenylazophenol polymer product remained in the 
micelles and the solution would become optically clear with a dark yellow color. In order 
to remove this color, AMF was introduced into the process. 
As mentioned in section 4.3.1, AMF is a wastewater treatment process using SDS 
and alum to remove anionic and aromatic pollutants from wastewater. In this process, 
SDS concentration must be above its CMC, which is suitable for this study since the SDS 
concentration in batch reactors were already higher than CMC. In order to reach an 
optimal color removal, the amount of aluminum ion added into the solution need to be 
optimized. Based on Joseph Patapas’ thesis (2007), the 2,4-DAT can reach over 95% 
color removal when the aluminum ion/SDS molar ratio was 0.8.  
In this study, the aluminum ion/SDS ratio was studied from 0.8 to 1.5 in pH 6 with 
15 mM SDS to find out the optimal ratio. The aluminum ion was provided by 50 mM 
alum stock solution. Results from Fig. 4-15 indicate that the optimal aluminum ion/SDS 
molar ratio for 4-phenylazophenol colored product removal is 1.05. Changes in pH also 
does not affect the removal rate; results show that from pH 5 to 7.5, at least 95% colored 
product can be removed at 1.05 aluminum ion/SDS molar ratio.   
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Fig. 4-15 Al
3+
/SDS molar ratio optimization for 4-phenylazophenol colored product removal 
(15 mM SDS, pH 6.0 40 mM phosphate buffer) 
 
4.5 Possible Mechanism for 4-Phenylazophenol Polymerization in Aqueous and 
Micellar Solutions 
The formation of poly(4-phenylazophenol) is believed to occur through ortho-
coupling under the catalysis of SBP. (Liu et al., 2000)  
In aqueous solution, the reaction will stop once the 4-phenylazophenol dimers 
precipitate out of the solution; but in the presence of micelles, the dimers can dissolve 
into the micelles and continue to be polymerized to higher oligomers. Although the 
presence of micelles can allow further polymerization for 4-phenylazophenol dimers, the 
formation of 4-phenylazophenol dimers did not necessarily happen in micelles. In fact, as 
mentioned in section 2.5, the micelles and their solubilizates are in a dynamic equilibrium 
between their monomeric forms and their aggregated forms, which means that, when the 
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micelles break down, the monomer 4-phenylazophenol is released into aqueous solution 
and reacts to form dimers; then, partition back into the micelle, available for further 
reaction cycles. However, the monomer 4-phenylazophenol can form dimers at the 
surface of micelles since it has a hydrophilic phenolic group exposed in the surrounding 
aqueous solution while its hydrophobic part is hidden in the micelles. Once the 4-
phenylazophenol couples into dimers, the increased hydrophobicity will force them to 
partition into micelles to undergo further polymerization. (Kim et al., 2001)    
 
4.6 Summary: 4-Phenylazophenol Enzymatic Reaction in Aqueous and in     
Micellar Solution 
In aqueous solution, 4-phenylazophenol does not have a high solubility due to its 
hydrophobic structure. However, the enzyme requirement for this low 4-phenylazophenol 
concentration is not small; it needs 4 times more enzyme to convert 4-phenylazophenol in 
aqueous solution than in the presence of micelles, in which the 4-phenylazophenol 
concentration in micellar solution is about 7 times higher than it in aqueous solution. The 
low efficiency of the enzyme maybe caused by the immobilization of enzyme on the solid 
products formed. 
In micellar solution, 4-phenylazophenol can reach about 10 times higher 
concentration than in aqueous solution. The increase of 4-phenylazophenol concentration 
does not bring up the enzyme requirement; on the contrary, the SBP efficiency is 28 
times higher than that needed in the aqueous phase. The hydrogen peroxide requirement 
remains the same as the reaction in aqueous solution and the pH optimal range is nearly 
the same compared to the reaction in aqueous solution. 
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Another interesting phenomenon was observed during the reaction in micellar 
solutions. When the SBP concentration was low (lower than 0.1 U/mL), the color of the 
solution changed smoothly from light yellow to brown yellow; but, when the SBP 
concentration increased to 0.5 U/mL or even to 1 U/mL, the color of the solution first 
quickly changed to dark yellow in one minute and then changed to brown yellow in the 
following one to two hours. The possible explanation for this phenomenon could be when 
the SBP concentration was low, the formation of 4-phenylazophenol dimer and the 
formation of higher polymer could proceed at the same time; whereas with the high SBP 
concentration, the 4-phenylazophenol could almost all turn into dimers and then slowly 
be changed into higher oligomers. The evidence to support this explanation is that when 
catalase was used to stop the reaction that contained 1 U/mL SBP at 1 min, a black 
precipitate could be observed after acetonitrile extraction and the HPLC results showed 
that 4-phenylazophenol conversion was 95%-98%; if the reaction was allowed to react up 
to 3 hours at the same SBP concentration, the 4-phenylazophenol conversion was the 
same but the precipitate observed after acetonitrile extraction was brown yellow instead 
of black. 
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CHAPTER 5 
 
5. Conclusions and Future Work 
5.1 Conclusions 
In this study, a colorimetric spectroscopic method was used as a tool to prove that 
the effect of electrolytes has more impact on ionic surfactant CMC than on a non-ionic 
one. Also, this method shows higher sensitivity than the conductivity method when the 
CMC of surfactant is small. 
The 4-phenylazophenol enzymatic reaction in aqueous and micellar solutions shows 
that the efficiency of SBP is much higher in the presence of micelles, while the 
requirement for hydrogen peroxide and the pH are nearly the same as in the aqueous 
solution. The polymerization of 4-phenylazophenol can occur inside the micelles. 
 
5.2 Future Work 
1. The polymerization degree needs to be determined after the enzymatic reaction. 
2. Higher 4-phenylazophenol concentration can be used in the micellar enzymatic 
reaction to see if it can synthesize higher polymers. 
3. Mass spectrometry can be used to analyse the products formed during the reaction. 
4. Different surfactants can be studied in the enzymatic micellar reaction to see if they 
can achieve better experimental results. 
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APPENDIX A 
 
Soybean Peroxidase (SBP) Activity Assay 
A colorimetric assay was used in this study to measure the activity of soybean 
peroxidase. The SBP activity was determined by a time-based measurement at 510 nm 
using a spectrophotometer. One unit (U) of SBP activity is defined as that the amount of 
SBP catalyzing conversion of 1 µmol hydrogen peroxide in one minute under the assay 
conditions. (Caza et al., 1999) 
 
Assay Reagent: 
First, phenol solution was made in 100 mL volumetric flask (0.941 g phenol, 1.3109 
g monobasic sodium phosphate and 5.7994 g of dibasic sodium phosphate).  
Then, 5 mL of the phenol solution (100 mM phenol, 0.5 M pH 7.4 phosphate buffer) 
was mixed with 25 mg 4-aminoantipyrine and 0.1 mL hydrogen peroxide (100 mM, use 
510 µL 30% hydrogen peroxide and diluted into 50 mL) and made up to 50 mL with 
distilled water in 50 mL volumetric flask. 
 
Procedure: 
1. The SBP solution into was diluted 30 times, 40 times and 50 times; then the samples 
were vortexed in low speed. 
2. The spectrophotometer was blanked with 50 µL distilled water and 950 µL reagent. 
3. 50 µL of sample was taken and was injected into the cuvette. 
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4. 950 µL of reagent was taken and was injected into the cuvette. Once the reagent was 
injected the reagent, the test program was run and the absorbance changing was collected 
at 510 nm over 30 seconds at 5 second intervals. 
5. SBP activity was calculated by using the slope of the line. All dilutions were tested in 
triplicate. 
 
SBP Activity Calculation: 
Activity in the cuvette =	
DEFGH	(IJ DK )∗MN/	D O	PAQK R∗S/	(TAEUVAFQ	BWXVFY	AQ	VZH	XU[HVVH)
N	PAQ9\XP9\∗O	XP
  
                                     = slope*200 µmol/min (U) 
Activity in SBP solution = Activity in the cuvette*dilution factor (40, 50, 60) 
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APPENDIX B 
 
Determination of Critical Micelle Concentration 
 
B1. Conductivity Assay 
The principle of using conductivity to measure the critical micelle concentration 
(CMC) of surfactant was that conductivity will change before and after micelle forms. So 
the interaction point of two lines was the CMC point of ionic surfactant. This method 
cannot determine the CMC for non-ionic surfactant since they do not ionize in aqueous 
solution. (Aguiar et al., 2003) 
 
Procedure: 
1. 100 mM sodium dodecyl sulfate (SDS) stock solution was prepared. 
2. The literature CMC value for SDS was checked. The stock solution was diluted into 12 
points, concentration range was from 1 to 12 mM. Final volume of each sample was 25 
mL. 
3. Conductivity probe was calibrated with standard solution. 
4. The conductivity probe was used to test each dilution. Between each sample, the case 
of conductivity probe must be taken off and both the probe and the case were washed 
with distilled water; then Kimwipe was used to dry the probe and the case. 
5. The data were plotted as concentration of SDS vs. conductivity. The data will be spilt 
into two groups based on the difference of slopes. Both trendlines were drawn for those 
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data; the interaction point was where the slope changes, which also is the CMC value for 
SDS. 
B2. Colorimetric Assay 
The principle for using colorimetric method to determine the CMC of surfactant was 
that the dye’s solubility in aqueous solution will change based on the concentration of 
surfactant, which is suitable for both ionic and non-ionic surfactants. Curcumin, a yellow 
dye, was used in this study as a probe in UV-Vis spectrophotometer and its λmax is 423 
nm. (Mondal & Ghosh, 2012) 
 
Procedure: 
1. 100 mM SDS stock solution and 10 mM Triton X-100 stock solution were prepared. 
2. The literature values were checked for SDS and Triton X-100. For each surfactant, the 
stock solution was diluted into 12 points, concentration range for SDS was from 0.4 to16 
mM and for Triton X-100 was from 0.028 to 0.53 mM.  
3. Curcumin stock solution was prepared by dissolving 20 mg curcumin powder in 20 mL 
methanol to achieve 1 mg/mL (2.7 mM) final concentration. 
4. 20 µL curcumin stock solution was added into each sample. The curcumin final 
concentration was 18 µM and the final volume for each sample was 3 mL. 
5. After vortexing each sample, the absorbance was recorded at 423 nm. 
6. The data was plotted as surfactant’s concentration vs. absorbance; then, a sigmoid 
curve function in Origin was used for fitting the data. The middle point (x/) of the curve 
was the CMC, which can be given by the program.        
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APPENDIX C 
 
Standard Curves 
C1. SDS Colorimetric Assay 
The principle of this assay was that SDS can form a colored complex with 
methylene blue and chloroform was used to extract this complex from water (Arand et al., 
1992). Then the absorbance of chloroform extract was measured at 651 nm by UV-Vis 
Spectrophotometer.  
 
Reagent: 
62.5 mg methylene blue (0.782 mM), 12.5 g sodium sulfate (0.351 M) and 10 mL 
concentrated sulfuric acid were dissolved with distilled water in 250 mL volumetric flask. 
 
Procedure: 
1. 1 µM SDS stock solution was prepared. 
2. The stock solution was diluted 5 points, concentration range from 0.03 to 0.35 µM. 
Final  sample volume was 1 mL. 
3. 150 µL sample was taken and was mixed with 150 µL methylene blue; then the 
mixture was vortexed for 1 min, and wait for 2 min. 
4. 600 µL chloroform was added, vortexed for 1 min, and wait for 3 min. 
5. 500 µL was taken from the lower layer colored of complex and was diluted with 
chloroform to 1 mL. 
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6. The absorbance was recorded at 651 nm. The data was plotted as SDS concentration vs. 
absorbance. Standard curve present in Fig. C-1. 
7. The cuvette was washed with acetone first, then water, before next sample. 
Standard Curve for SDS Colorimetric Assay: 
 
Fig. C-1 Standard Curve for SDS Colorimetric Assay 
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C2. 4-Phenylazophenol Acetonitrile HPLC Standard Curve  
Different concentrations of 4-phenylazophenol in acetonitrile were measured by 
HPLC at 347 nm. The mobile phase solvents were 60% of 100% acetonitrile and 40% of 
0.1% aqueous formic acid. Flow rate was 1 mL/min. Retention time was 4.93 min. (Fig. 
C-2) 
 
 
Fig. C-2 4-Phenylazophenol acetonitrile HPLC standard curve 
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C3. Triton X-100 HPLC Standard Curve 
Different concentrations of Triton X-100 were measure by HPLC at 279 nm. The 
mobile phase solvents were 95% of 100% acetonitrile and 5% of 0.1% aqueous formic 
acid. Flow rate was 1 mL/min. Retention time was 2.75 min. (Fig. C-3) 
 
 
 
Fig. C-3 Triton X-100 HPLC Standard Curve 
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